SUMMARY A new two-dimensional, real-time, high resolution ultrasound imaging system is described. This system uses a linear array of ultrasound transducers to generate tomographic images of the heart in a circular sector format. Phased array THIS PAPER PRESENTS a new two-dimensional, realtime, high resolution ultrasound imaging system specifically designed for cardiac applications. The operation of this system relies on phased array principles to rapidly steer the ultrasound beam through the cardiac structures under investigation.
THIS PAPER PRESENTS a new two-dimensional, realtime, high resolution ultrasound imaging system specifically designed for cardiac applications. The operation of this system relies on phased array principles to rapidly steer the ultrasound beam through the cardiac structures under investigation.
Methods
Underlying the conception and design of this new imaging system were severai design considerations specifically directed toward its application in clinical cardiology. These include image rates commensurate with cardiac dynamics, a field of view sufficiently large to allow image formation of most or all of the left ventricle, and the utilization of a relatively small, hand-held transducer which would allow some freedom in imaging various planes of the cardiac anatomy through the restricted acoustic windows of the thorax. In addition, efforts were directed toward improving the final image quality by maintaining high azimuthal and range resolution throughout the field of view and by logarithmically compressing the received echo signals from each element of the array.
This non-linear processing, aside from improving image resolution and depth of field and reducing sidelobe response, compresses the dynamic range of echo information so that regions in the tissues characterized by diffuse or specular reflectors can be displayed simultaneously on a typical CRT monitor.
The high data acquisition rates necessary to tomographically visualize the dynamic cardiac structures are achieved by electronically phasing a linear array of ultrasound transducer elements. This method permits the reorientation of the transmitted ultrasound beam from one transmit operation to the next as well as allowing the effective orientation of the array during reception to coincide with that during transmission. The prototype imaging system uses a linear array of 16 ultrasound transducers during the transmit and receive operations. The fundamental frequency of the heavily damped array is 1.8 MHz and measures 24 mm by 14 mm at the site of contact. The latter techniques allow rapid steering of the ultrasound beam so that images are produced at the rate of 20 per second, or more, while maintaining a resolution of 2-4 mm throughout the field of view. dimension corresponds to the height of each of the active elements.
In describing the operation of this system, it is advantageous to consider the transmit and receive operations separately since the two are fundamentally different.
The manner in which a linear array may be utilized in steering an ultrasound beam in various azimuthal directions is illustrated in figure 1 . For the sake of simplicity, only a 5 element array is indicated. Electrical transmit pulses are seen to arrive at these elements from the left side. The top element is excited first and launches an acoustic wave, typically 2 to 4 cycles in duration, into the tissues to the right of the array. Some short time later, the second element is excited and, in turn, it produces an acoustic wave. This continues until the bottom element is finally excited. In the tissues, these five individually produced wavefronts will add, according to Huygens' Principle, to produce an acoustic beam which will correspond in shape and direction of propagation to the time sequence of the excitation pulses. As shown in this figure, a linear time sequence will result in a planar beam which is propagated at an azimuth angle away from the array. A cylindrical Gaussian focus can be produced at a specified range by imposing a spherical timing relationship on the excitation pulses. Such a focusing action is superimposed on the linear timing to produce a wave focused at any azimuth angle as illustrated in figure 2 .
Although a single transmit focus improves the resolution of the system over a region near the focal point, the resolution outside of this region may be degraded. In an effort to produce a more uniform depth of field throughout the field of view during transmit, five different transmit foci are utilized by this system. These are at 4, 5, 6, 8 and 10 cm, respectively. In this scheme adjacent image lines are formed utilizing these different transmit foci in an interlaced fashion. Currently, the scan format is such that groups of five adjacent lines have the following transmit foci sequence: 6 cm, 4 cm, 8 cm, 5 cm, 10 cm. This sequence repeats for adjoining groups of five acoustic scan lines. This method of improving the effective depth of field during transmission is possible in this system since the angular sampling of the image space exceeds the requirements imposed by the azimuthal resolution of this system. By utilizing different transmit foci, the redundancy in information present in image lines obtained at angular increments, which are small relative to the azimuthal resolution of the system, is reduced. This has the additional advantage of reducing coherent image speckle. During reception, echoes returning from targets in the direction of the transmitted pulse arrive at the transducer elements at different times. This necessitates a delay of the received signal so that the effective orientation of the array during reception corresponds to the orientation during transmission. In this system, accurate phasing is accomplished via the use of switchable wide band lumpedconstant analog delay lines which pass the acoustic information with different delay times for each element. In this way, only echoes from a desired azimuthal orientation will arrive at a summing amplifier in phase. After summation, the signal can be processed for a B-mode display.
The incorporation of switchable delay lines in the electrical configuration of the receiver permits the receiver to be focused at a given range and allows tracking of this focus in synchrony with the range of returning echoes. This technique, in conjunction with a focused transmit beam, is responsible for the improved resolution of this system. Figure 3 illustrates the phase processing during reception. Echoes arising from targets in the object volume to the right of the array propagate toward the left and arrive at the transducer elements at different times, indicated by the electrical pulses to the left of the array. These signals, prior to summation, are delayed by an amount of time determined by the digital delay controller, a PDP 11-20 computer, which can rapidly alter the time delay in each transducer channel. Since echo information results from an interrogating pulse, the time of the returning echoes is directly related to the target range. Consequently, the receive system is focused at a short range, F1, immediately after transmitting and is then refocused in synchrony with the increasing range of target echoes to a maximum focal distance of FN.
With such a moving focus, all targets are in focus and there is no depth of field limitation on resolution as there is in transmit or with a single focus receiver. In the prototype system, the receiver uses ten different focal zones (i.e., e TRANSMIT PULSES TRANSDUCERS TRANSMITTED WAVEFRONT FIGURE 2 Transmit beam steering. A combined spherical and linear time sequence of excitation pulses produces a focused acoustic wave at an azimuth angle 0. N = 10), resulting in an almost perfect optical figure over the display range. This dynamic focusing of the receiver is superimposed on a linear phase shift to produce steering in azimuth, and thus a two-dimensional steering in both range and azimuth angle results. The architecture of the prototype imaging system currently under clinical evaluation is diagrammatically illustrated in figure 4. The computer in association with the appropriate timing logic controls the entire scan sequence. The tomographic B-mode images produced by this system are displayed on a Hewlett-Packard 1311 A monitor oscilloscope. This primary CRT is viewed directly by a television camera so that sequences of particular interest can be recorded on video tape for later playback or frame by frame analysis. Normally, the acoustic image frame rates are synchronized to standard television rates of 30 frames/second. However, at the discretion of the clinician, the system may be used in an asynchronous mode to obtain other frame rates.
Perhaps the system operation can best be understood by following the sequence involved in the generation of a single line of image information. The digital computer first provides X-Y deflection information to the oscilloscope display in the form of the sine and cosine of the azimuth angle to be investigated. Then, the computer preloads the transmitter timing circuits to produce a focused beam at a particular azimuthal direction. The transmit and deflection operations are then initiated and the 16 transmit pulses are triggered at the appropriate times.
Echo information from the individual elements is first amplified in a low noise preamplifier and then amplified with logarithmic compression before being delayed. The delayed acoustic information from all 16 receiving channels is summed and the resulting signal after detection is used to modulate the brightness of the primary CRT. Immediately after transmit, the computer sets the receiver delays for a focus close to the transducer. As echoes are received from more distant targets, the controller changes the receiver delays to maintain the focus of the receive system. Each of the 16 channels of this delay system is composed of six binary coded analog delay elements. Thus, a six bit control word from the computer can produce any incremental delay from 0 to 63 times the basic delay unit of 125 ns. Within the core memory of the digital computer is stored all of the necessary direction coding, timing and receiver focusing information to produce a two-dimensional B scan tomogram.
Results
This new ultrasound imaging system produces high resolution B-mode tomograms in real time. These images are generated in a circular sector format as illustrated in figure 5 . The plane of the scan is parallel to the long axis of the linear array of transducer elements. Note that the maximum sector or scan angle of 60°is indicated.
Images are generated either synchronously with standard television rates (i.e., at 30 per second) or asynchronously at rates which may be varied to suit the application and/or the clinician. During the synchronous operation, the total number of acoustic scan lines comprising one B-mode image frame is determined by the maximum range to be imaged. For a typical maximum range selection of 15 cm, each tomographic image frame is composed of 128 individual Bmode lines. In the asynchronous mode, a 256 line image can be obtained at the rate of 20 per second for a full 600 sector and a similar maximum range. Since the maximum fundamental pulse repetition rate is determined by the maximum range to be imaged and since each transmitted acoustic pulse is used to generate one line in the final image, much higher frame rates are possible in this latter mode by simply decreasing the total number of lines per frame (e.g., 64 line images can be generated at the rate of 80 per second).
The azimuthal resolution capability of this system is shown in figure 6 . This figure is a Polaroid photograph taken from the monitor oscilloscope of the acoustic image produced by four parallel wire targets (25 mil diameter) spaced 2 mm apart. These four wires were attached to a common support and then placed into the image plane so that the long axis of each of the individual wires was perpendicular to both the tomographic image plane as well as the axis of the transducer. Note that the four wire targets are easily resolved at a range of 7.5 cm. The white arcs on this figure are 1.0 cm range markers with the 2.0 cm marker located at the left edge of the figure. Figure 7 demonstrates the range resolution of the system. This Polaroid photograph was obtained in a manner similar to the previous one. However, in this case the same four wire targets were rotated by 900. Again, the 2 mm targets are resolved. Note that the 2.0 cm range marker is at the left side of the figure.
The resolution of this imaging system in the plane of the sector scan is diagrammatically indicated in figure 8. The azimuthal resolution throughout the field of view (3.5 to 17 ELEMENTS FIGURE 5 The scan format. The tomographic image plane is parallel to the long axis of the linear array. A maximum of256 individual B-mode lines comprise this image for a maximum sector angle of 600. Logarithmic compression of the received echo information allows 60 db of echo amplitude information to be presented in the approximately 10 to 1 brightness range of the primary display oscilloscope. During a scan, the field of view may be varied but typically a 600 sector arc with a maximum range of 15 cm is utilized. Flexibility during operation as well as from a research point of view is an intrinsic characteristic of this system. Since the entire image formation process or scan sequence is under computer control, various scan parameters can be changed readily. Facility in clinical use is assured through the use of a handheld transducer in direct skin contact. This allows rapid visualization of various cardiac structures by simply reorienting or repositioning the transducer.
Discussion
Efforts directed toward the generation of two-dimensional ultrasound B-mode images have followed several avenues. Somer' described an electronically steered sector scanner designed primarily for cephalic imaging, whereas in echocardiography King2 and Okuyama' utilized an ECG triggered compound B-mode method to obtain single images at predetermined times of the cardiac cycle. A similar approach taken by Gramiak4 entailed the storage of both the ECG and simultaneous B-mode data in a computer so that single frame ultrasound images at various times of the cardiac cycle could subsequently be reconstructed. More recently, attempts have been aimed at increasing data acquisition rates to the point where two-dimensional images can be generated in real time. Bom et al.5 and King6 have described multitransducer imaging systems which produce a simple linear scan of the cardiac anatomy whereas Griffith7 and Eggleton8 utilized mechanical motion of a single transducer to provide a real time sector scan of the heart.
The operation of the new real time imaging system described here relies on phased array principles to steer and focus the ultrasound beam in the near field of a linear array of ultrasound transducers. This method of beam steering allows for the rapid formation of high resolution images without the necessity of mechanical motion. In addition, flexibility is an important aspect of this imaging system. All transmit timing and receiver phasing information is stored in the core memory of a PDP 11-20 computer so that the phase at each element position within the array aperture can be independently controlled within the maximum delay envelope of 7.875 microseconds. In this way, modifications to imaging parameters such as focal points, etc., merely require the storage of appropriate data within the core memory. On the other hand, scan format changes such as the total number -of lines per frame, sector angle, etc., are easily implemented through minor software changes in the system operating routines.
In practical use, the operator can interact with the imaging system in several ways. First of all, he selects the twodimensional anatomic plane that is to be imaged by manipulating the position of the transducer array. Second, he may interact with the digital computer to modify various imaging parameters. The operator may choose to image at rates synchronous or asynchronous with standard television rates, the total sector angle may be varied and the line density may be reduced, which, in turn, results in a proportionately higher frame rate. As well, the maximum range of the target information can be preset. All of these factors influence the overall image frame rate in the asynchronous mode. In addition, primary image parameters such as image contrast, brightness, background rejection, range compensation or time variable gain and display size are directly accessible to the diagnostician.
Limitations in the performance of the current system include the ring-down artifacts produced by the array which obliterate the first 3 to 4 cm of the final image, the low center frequency of the linear array and maximum sector arc of 60°. Although this sector angle is sufficient to image the en-261 tire short axis of the left ventricle, it is often inadequate in displaying the entire long axis of the same ventricle. Current modifications and developments are oriented toward overcoming these limitations in an effort to produce even more diagnostically useful images which will permit accurate quantification of various cardiac geometries and functions. frames/second. High azimuthal resolution throughout the field of view is assured by a focused transmit beam and by sweeping the focus of the receiver in synchrony with the range of returning echoes. Azimuthal resolution varies from 2 to 4 mm throughout the field of view while range resolution is 1.5 mm. This imaging system has proven particularly useful for the delineation of left ventricular spatial geometry by the identification of endocardium, myocardium, papillary muscles and interventricular septum. High quality images of anterior and posterior mitral leaflets, aortic root and aortic leaflets as well as left atrium and other cardiac structures have been obtained. dimensional imaging system developed in the Duke University Biomedical Engineering Department. This system relies on phased array principles to rapidly steer the ultrasound beam through the target volume and is capable of producing high-resolution, tomographic images of the heart in realtime. A hand held linear array of 16 transducers, measuring 14 mm by 24 mm at the site of skin contact, may be readily manipulated into appropriate planes for imaging a variety of cardiac structures. The resulting images are displayed in a circular sector format. The maximum selectable field of view is 60 degrees in azimuth and 17 cm in range. At this maximum range, image frames consisting of 256 lines are generated at the rate of 20/second. High azimuthal resolution throughout the field of view is assured by sweeping the focus of the receiver in synchrony with the range of returning echoes. Azimuthal resolution varies from 2 to 4 mm throughout the field of view while range resolution is 1.5 mm. A digital computer controlled scan format provides high data aquisition rates suitable for imaging rapidly moving cardiac structures. The 60 degree sector arc provides a wide field of view. When operating in a mode synchronous with television rates, images are usually made up of 128 lines per frame. When operating asynchronously, the system is CIRCULATION 262
